Rice (Oryza sativa) is a major dietary source of arsenic (As) for the population consuming rice as their staple food. Rice grain contains both inorganic As and methylated As species, especially dimethyarsinate (DMA). DMA is highly mobile in longdistance translocation in plants, but the underlying mechanism remains unknown. In the present study, we showed that OsPTR7 (OsNPF8.1), a putative peptide transporter in rice, was permeable to DMA in Xenopus laevis oocytes. Transient expression of the OsPTR7-green fluorescent protein (GFP) in tobacco protoplasts showed that OsPTR7 was localized in the cell plasma membrane. Quantitative real-time PCR analysis showed that OsPTR7 was more highly expressed in the shoots than in the roots at the seedling stage. At the flowering and grain-filling stage, the OsPTR7 transcript was abundant in the leaves, node I and roots. Knockout or knockdown mutants of OsPTR7 had significantly decreased root to shoot translocation of DMA compared with wild-type plants and accumulated less As in the brown rice. In field-grown plants, DMA accounted for 35% of the total As in the brown rice of wildtype plants but was undetectable in the knockout mutant. Our study demonstrates that OsPTR7 is involved in the longdistance translocation of DMA and contributes to the accumulation of DMA in rice grain.
Introduction
Rice (Oryza sativa) is a staple food for about half of the world's population. It is also a major dietary source of arsenic (As) for populations in south and south-east Asia (Mondal and Polya 2008 , Li et al. 2011 . Compared with other cereal crops, rice accumulates more As in the grain due to soil chemistry in flooded paddy soil and the physiological characteristics of rice plants , F.J. .
As speciation in rice grain is dominated by inorganic As [mainly arsenite, As(III)] and methylated As species (mainly dimethylarsenate, DMA) (Zhao et al. 2013) . Methylated As species in rice are derived from the soil as the products of microbial methylation, because rice plants are not able to methylate inorganic As (Lomax et al. 2012) . Depending on the geographical region, soil conditions and rice cultivars, the percentage of DMA in the total As in rice grain can vary widely, from 0% to 80% (Williams et al. 2005 , Zavala et al. 2008 , Zhu et al. 2008 , Zhao et al. 2013 ). This variation is attributed to the soil and rhizosphere microbial community and soil conditions influencing As methylation and demethylation, as well as rice varietal difference in the uptake and translocation of DMA (Zhao et al. 2013) . While inorganic As is more toxic to humans than pentavalent methylated As species (Styblo et al. 2000) , DMA is actually more toxic to plants (CarbonellBarrachina et al. 1999 , Carey et al. 2011 , Tang et al. 2016a , Tang et al. 2016b .
The pathways of As uptake and translocation differ among different As species (Zhao et al. 2009 , F.J. Zhao et al. 2010 ). Studies have shown that As(III) is taken up by rice roots mainly through the silicic acid transporters Low silicon rice 1 (Lsi1; OsNIP2;1) and Low silicon rice 2 (Lsi2; Ma et al. 2008) , whereas arsenate [As(V)] is taken up via the phosphate transporters such as OsPT1 and OsPT8 (Zhao et al. 2009 , Wu et al. 2011 , Kamiya et al. 2013 . DMA can also be taken up by rice roots via Lsi1, with the lsi1 mutant losing about half of the DMA uptake capacity compared with the wild type (Li et al. 2009 ). Compared with inorganic As, DMA is taken up by plant roots much more slowly , Li et al. 2009 ). However, once inside plant cells, DMA is much more mobile than inorganic As in the translocation from roots to shoots and from leaves to rice grain (Li et al. 2009 , Carey et al. 2010 , Carey et al. 2011 , Lomax et al. 2012 . While As(III) is translocated to rice grain primarily via the phloem pathway, DMA is transported to rice grain via both the phloem and xylem pathways (Carey et al. 2010) . DMA is detected in both the xylem and phloem sap of caster bean plants exposed to DMA, with the phloem DMA concentration being approximately three times that of the xylem sap (Ye et al. 2010) . Duan et al. (2016) showed that the inositol transporters AtINT2 and AtINT4 are involved in the loading of As(III) into the phloem, thus regulating the accumulation of As(III) in the seeds of Arabidopsis thaliana. However, the transporters mediating the long-distance transport of DMA remain unknown.
Because DMA is highly mobile during its translocation to rice grain, we hypothesize that amino acid or peptide transporters may be involved. In plants, a group of membrane proteins belonging to the nitrate transporter 1/peptide transporter (NRT1/PTR) family [also named NPF (Leran et al. 2014) ] display transport activities for a wide variety of substrates. For example, some plant NRT1/PTR proteins are able to transport nitrate, peptides, amino acids, dicarboxylates, glucosinolates, IAA and ABA (Jeong et al. 2004 , Krouk et al. 2010 , Tegeder and Rentsch 2010 , Kanno et al. 2012 , Nour-Eldin et al. 2012 . Other possible substrates for these NPF transporters include glutathione, gglutamyl peptides, hormone-amino acid conjugates, phytosulfokine, peptide-like compounds and peptide phytotoxins (Stacey et al. 2002) . Furthermore, some NRT1/PTR members display transport activities for multiple substrates simultaneously, such as nitrate and IAA (Huang et al. 1999) , nitrate and ABA (Kanno et al. 2012) , nitrate and glucosinolates (Nour-Eldin et al. 2012) , or peptides and amino acids (Tegeder and Rentsch 2010) .
In rice plant, eight putative peptide transporters, OsPTR1 (OsNPF8.2), OsPTR2 (OsNPF2.2), OsPTR3 (OsNPF5.5), OsPTR4 (OsNPF7.1), OsPTR5 (OsNPF7.4), OsPTR6 (OsNPF7.3), OsPTR7 (OsNPF8.1) and OsPTR8 (OsNPF8.5), have been identified and investigated in a yeast ptr2 mutant strain (Ouyang et al. 2010 , Leran et al. 2014 . OsPTR6 was able to transport glycine-histidine and glycine-histidine-glycine, and showed substrate selectivity for di-/tripeptides, whereas the other seven proteins did not transport the five tested di-/tripeptides in the yeast assay (Ouyang et al. 2010) . A recent study showed that overexpression of the OsPTR6 gene could increase rice growth through increasing ammonium transporter expression and glutamine synthetase activity (Fan et al. 2014) . In Arabidopsis, the NPF8 subfamily contains dipeptide transporters including AtNPF8.1 (AtPTR1), AtNPF8.2 (AtPTR5) and AtNPF8.3 (AtPTR2) (Leran et al. 2014) . OsPTR7 shares 64.9% similarity with AtPTR1 in amino acid sequence. AtPTR1 is a plasma membrane-localized transporter that mediates the uptake of di-and tripeptides into root cells and plays a role in the long-distance transport of organic nitrogen (Dietrich et al. 2004 , Komarova et al. 2008 . AtPTR5 mediates the uptake of peptides during pollen germination and is involved in nitrogen (N) transport during ovule and early seed development (Komarova et al. 2008) .
In the present study, we showed that OsPTR7, a member of the NRT1/PTR family transporters in rice, displays DMA transport activity in Xenopus oocytes. We further showed that the plasma membrane-localized OsPTR7 is involved in the longdistance translocation of DMA to rice grain.
Results

OsPTR7 has transport activity for DMA in Xenopus oocytes
We first compared the amino acid sequences of OsPTR1, OsPTR7 and OsPTR8 with those of AtPTR1-AtPTR6 and constructed a phylogenetic tree of these proteins ( Supplementary  Figs. S1, S2 ). OsPTR1 and OsPTR7 have a close phylogenetic relationship with AtPTR1 and AtPTR5 proteins, which are known to be located to the plasma membranes, whereas OsPTR8 is more closely related to the tonoplast transporters AtPTR2, AtPTR4 and AtPTR6 (Komarova et al. 2012) . OsPTR8 contains an acidic dileucine motif in the hydrophilic N-terminal region that has been shown to be essential for tonoplast targeting (Komarova et al. 2012) , suggesting that it is a tonoplast transporter. In contrast, OsPTR1 and OsPTR7 are likely to be plasma membrane transporters. In the present study, we tested the transport activities for DMA of OsPTR7 and OsPTR8, as well as the plasma membrane-localized AtPTR1 and AtPTR5. The two rice PTR proteins were chosen because the two corresponding genes were reported to be highly expressed in the vegetative tissues and the endosperm of rice, whereas the gene encoding OsPTR1, a close homolog of OsPTR7, was expressed at low levels (X. . The four plant genes were heterologously expressed in Xenopus laevis oocytes and exposed to DMA at two pHs (5.8 and 7.4). Compared with the control (water injection), the expression of AtPTR1, AtPTR5 and OsPTR7 significantly increased DMA uptake into the oocytes at both pHs, whereas the expression of OsPTR8 had no significant effect on DMA uptake (Fig. 1) . For AtPTR1, AtPTR5 and OsPTR7, DMA uptake was substantially greater at pH 5.8 than that at pH 7.4. At pH 5.8, OsPTR7 showed the highest DMA transport activity, with a 10.6-fold increase in DMA uptake compared with the control, followed by AtPTR1 with a 6.8-fold increase in DMA uptake. These results indicate that Fig. 1 Permeability of PTRs to DMA in Xenopus oocyte. Arsenic concentrations in oocytes expressing AtPTR1, AtPTR5, OsPTR7 or OsPTR8, or injected with water (control) after exposure to 200 mM DMA for 24 h. Values are mean ± SE (n = 3. Each biological replicate contained 7-8 oocytes). ** denotes significant difference at P < 0.01.
AtPTR1 and its close homolog OsPTR7 have a high permeability to DMA. We therefore focused on OsPTR7 in the subsequent investigations.
OsPTR7 is localized in the plasma membrane
To investigate the subcellular localization of the OsPTR7 protein, OsPTR7 was fused in-frame with enhanced green fluorescent protein (eGFP) and transiently expressed in Nicotiana benthamiana protoplasts under the control of the Cauliflower mosaic virus (CaMV) 35S promoter. The OsPTR7-fused GFP signal was confined to the plasma membrane, whereas in the 35S::eGFP control the green fluorescence could be seen throughout the cell (Fig. 2) . The results confirmed that OsPTR7 is a plasma membrane-localized transporter.
Expression patterns of OsPTR7 in rice plants
Quantitative real-time PCR (qRT-PCR) was performed to determine the expression pattern of the OsPTR7 gene in rice plants. At the vegetative growth stage, OsPTR7 was expressed at a much higher level in the shoots than in the roots in both cv. Dongjing and Nipponbare (Fig. 3A) . The transcript abundance was low in the roots. At the reproductive growth stage, OsPTR7 showed the highest expression in the leaf sheath, leaf blade and node I, but also considerable expression in the roots (Fig. 3B) . When 4-week-old plants (cv. Nipponbare) were exposed to different As species, the expression level of OsPTR7 was induced by approximately 3-and 2-fold by 10 mM As(III) exposure in the shoots and roots, respectively (Fig. 3C, D) . In contrast, the expression of OsPTR7 in the roots and shoots was little affected by 10 mM As(V) or DMA (Fig. 3C, D) . In a time-course experiment, the expression of OsPTR7 in the roots of 3-week-old plants (cv. Nipponbare) was significantly enhanced by 10 mM As(III) during the first 6 h, after which the expression dropped to the control level (Fig. 3E ).
Mutation of OsPTR7 reduced As accumulation in rice shoots when plants were exposed to DMA
We obtained two independent homozygous T-DNA insertion mutant lines of OsPTR7, osptr7-1 and osptr7-2, in the cv. Dongjing and Nipponbare background, respectively (Fig.  4) . T-DNA was inserted into the first intron and the promoter region of osptr7-1 and osptr7-2, respectively. Analysis using qRT-PCR showed that the expression of OsPTR7 was abolished in osptr7-1 and suppressed by approximately 70% and 30% in the shoots and roots of osptr7-2, respectively (Fig. 4) . Therefore, osptr7-1 and osptr7-2 represent knockout and knockdown mutants, respectively.
To investigate the effect of OsPTR7 mutations on As accumulation in rice plants, 4-week-old rice seedlings of osptr7-1, osptr7-2 and their wild types were exposed to 0 and 10 mM DMA or As(III) for 3 d. There was no significant difference between the mutants and their wild types in the shoot and root biomass ( Supplementary Fig. S3 ). The short-term exposure to either DMA or As(III) also did not affect plant biomass. The As concentrations in the shoots and roots of osptr7-1 line were significantly lower from those of its wild type (Dongjing) in the 10 mM DMA treatment, with the difference being larger for the As concentration in the shoots (30.4% decrease) than in the roots (14.2% decrease) (Fig. 5A, B) . The As concentration in the osptr7-2 shoots was also lower (by 20.4%) than that of the wild type (Nipponbare), but the difference was not statistically significant. There was no significant difference in the root As concentration between osptr7-2 and the wild type (Fig. 5B) . Because DMA is stable inside plant tissues, measurement of total As concentration in DMA-treated plants in hydroponic experiments reflects the concentrations of DMA accumulated in the plant tissues (Li et al. 2009 ). When plants were exposed to 10 mM As(III), there was no significant difference in either shoot or root As concentration between osptr7 mutants and their wild types (Fig. 5A , B). Consistent with previous reports ), the shoot to root As concentration ratios were much higher in plants exposed to DMA than those exposed to As(III) (Fig. 5C ). The ratio decreased significantly from 0.43-0.47 in the wild types to 0.32-0.33 in the two mutants when plants were exposed to DMA (Fig. 5C ). In contrast, no significant difference was observed between the wild types and mutants in the shoot to root As concentration ratio when plants were exposed to As(III) (Fig. 5C) . In hydroponic culture, there was no significant difference between osptr7-1, osptr7-2 and their wild types in the total N concentration in roots or shoots either with or without DMA treatment ( Supplementary Fig. S4A, B) . Also, no significant difference was observed between the knockout mutant osptr7-1 and the wild type in the concentrations of free amino acids in the shoots (Supplementary Fig. S4C ).
OsPTR7 mutation affected grain As accumulation and speciation in soil-grown plants
To determine if OsPTR7 plays a role in regulating As accumulation in rice grain, a pot experiment was carried out in which the two osptr7 mutants and wild-type plants were grown to maturity in a paddy soil amended with 3 mg As kg -1 in the form of DMA. At grain maturity, osptr7-1 and osptr7-2 mutants had 43% and 16% lower As concentration in the dehusked brown rice than their wild types, respectively (Fig. 6A) . The As . Expression of OsPTR7 in the shoots (C) and roots (D) of 4-week-old rice plants (cv. Nipponbare) exposed to 0 (CK) or 10 mM As(III), As(V) or DMA. (E) Time-course analysis of OsPTR7 expression in rice roots (cv. Nipponbare) exposed to 10 mM As(III) for up to 24 h. Expression of OsPTR7 was calculated as 2 -ÁÁCT relative to OsActin. Data are means ± SD (n = 3 biological replicates).
concentration in straw of both osptr7 mutant lines showed a small decrease compared with the wild types, but the difference was not significant (Fig. 6B ).
In the field experiment, only the knockout mutant osptr7-1 and its wild type were grown. As speciation in the brown rice was quantified using HPLC-inductively coupled plasma mass spectrometry (ICP-MS). As(III) and DMA were both detected in the brown rice of the wild-type (Dongjing) plants, with DMA accounting for 35% of the total As concentration (Fig. 7) . In contrast, DMA was not detectable in the brown rice of the osptr7-1 mutant, whilst its As(III) concentration was similar to that in the wild type (Fig. 7) . There was no significant difference between osptr7-1 and the wild type in either grain yield or grain N concentration (Supplementary Fig. S5 ).
Discussion
A previous study (Li et al. 2009 ) has shown that DMA is taken up by rice roots partly via the NIP aquaporin channel Lsi1. Despite slower uptake by plant roots compared with inorganic As species, DMA is highly mobile in the translocation from roots to shoots and from shoots to grain , Li et al. 2009 , Ye et al. 2010 , Carey et al. 2011 , Zheng et al. 2013 , explaining its preferential accumulation in rice grain (Zhao et al. 2013) . In the present study, we showed that the putative peptide transporter OsPTR7 (OsNPF8.1) is involved in the translocation of DMA in rice plants. To our knowledge, this is the first report for an NRT/PTR member to be involved in the transport of methylated As.
Analysis using a GFP fusion protein showed that OsPTR7 is localized at the plasma membrane (Fig. 2) , which is consistent with the plasma membrane localization of AtPTR1 and AtPTR5 (Dietrich et al. 2004 , Komarova et al. 2008 . The permeability of OsPTR7 to DMA was tested in a transport assay using Xenopus oocytes. The Xenopus oocyte expression system provides a powerful method for the expression and characterization of plant transporter proteins (Miller and Zhou 2000) . When OsPTR7 was expressed, oocytes took up approximately 10 times more DMA than the control at pH 5.8 (Fig. 1) , indicating that OsPTR7 is able to mediate the influx of DMA into the cell. The DMA transport activity decreased greatly at pH 7.4. This pH effect could be explained in two possible ways. First, undissociated neutral molecules of DMA, instead of the dissociated anionic form, may be transported by OsPTR7. Increasing the pH from 5.8 to 7.4 would decrease the proportion of undissociated DMA (pK a = 6.14) from 69% to 5%, thus decreasing DMA uptake into the oocytes. Secondly, DMA may be co-transported with proton, or a proton gradient may facilitate the transport of DMA. Either way, DMA uptake into oocytes would be larger at a lower pH. Besides OsPTR7, two NRT/PTR members from A. thaliana, especially AtPTR1, also show a DMA transport activity in oocytes (Fig. 1) . The differences in the apparent transport activity between OsPTR7, AtPTR1 and AtPTR5 could be ). DJ, Donjing; NIP, Nipponbare. Data are means ± SE (n = 4 replicates). Significant differences between the wild types and osptr7 mutant lines are indicated with different letters (P < 0.05).
due to different levels of expression in oocytes or differences in the protein structure. In contrast, OsPTR8 appears to show no transport activity for DMA. This is probably because OsPTR8 is targeted to the tonoplast.
In a microarray analysis, X. showed that OsPTR7 was highly expressed in all tissues of rice plants grown in the field, whereas Ouyang et al. (2010) reported that OsPTR7 was mainly expressed in the shoots of 3-week-old plants and in flag leaves at the pollen meiosis stage. In the present study, qRT-PCR analysis showed that the expression of OsPTR7 was higher in the shoots than in the roots in 4-week-old plants grown hydroponically (Fig. 3A) . At the reproductive stage, leaves, nodes and roots all contained high levels of the OsPTR7 transcript (Fig. 3B) . In an attempt to determine the tissue specificity of OsPTR7 expression, we constructed transgenic rice plants using the b-glucuronidase (GUS) reporter gene driven by the 2 kb promoter upstream of the ATG start codon of the OsPTR7 gene. However, no GUS activity was observed in any of the 20 positive transgenic lines generated. The lack of GUS activity could be because the core promoter sequence of OsPTR7 extends beyond the 2 kb upstream of the start codon or because other cis-regulatory elements are also required for strong expression of OsPTR7. Previous studies have reported that the expression of OsPTR genes responded to phytohormone, light/dark, drought and salt treatments (Ouyang et al. 2010 , X. Zhao et al. 2010 ). The expression of OsPTR7 was found to be up-regulated by drought and salt stress (Ouyang et al. 2010) . Here, we observed that the expression of OsPTR7 was upregulated by As(III) during the first 6 h of As(III) exposure (Fig. 3) . In contrast, exposure to DMA or As(V) did not affect the expression of OsPTR7.
To test if OsPTR7 plays a role in the uptake or translocation of DMA in rice, we identified two T-DNA insertion lines of OsPTR7, with one line being a knockout line and the other a knockdown line of the gene. There was no significant difference in the growth phenotype between the mutants and wild types. After DMA treatment in a hydroponic experiment, the knockout line osptr7-1 had significantly reduced As accumulation in both roots and shoots compares with wild-type plants. The knockdown line osptr7-2 also showed lower As accumulation in the shoots than the wild type, although the difference did not reach a significant level (Fig. 5A) . In both mutant lines, the root to shoot translocation efficiency of DMA, measured by the ratio of shoot to root As concentration, was significantly lower than that of the wild types (Fig. 5C) . These results suggest that OsPTR7 is involved in the translocation of DMA from rice roots to shoots. In contrast, mutations in OsPTR7 had no significant effect on As(III) uptake or translocation in rice (Fig. 5) .
To test if OsPTR7 is involved in the distribution of DMA to rice grain, the osptr7 mutants and their wild types were grown in a soil pot experiment amended with DMA or in a field experiment. Some soil microorganisms are able to transform inorganic As to methylated As species, especially under flooded paddy conditions (Mestrot et al. 2011) , which are then taken up by rice plants (Zhao et al. 2013 ). On the other hand, DMA added to soil may also be demethylated. Therefore, both inorganic As and methylated As species are likely to be present in paddy soils. In the soil pot experiment, both mutant lines showed significantly lower As accumulation in the brown rice than their wild types, with the reduction being greater in the knockout line than in the knockdown line (Fig. 6A) . In the field experiment with the knockout line, a significant reduction in brown rice As concentration was also observed. Furthermore, this reduction was exclusively in the form of DMA, which accounted for a considerable proportion of the total As (35%) in the wild type but was not detectable in the mutant seeds (Fig. 7) . Taken together, these results indicate that OsPTR7 plays a role in distributing DMA to rice grain.
Plant peptide transporters have been demonstrated to be involved in the redistribution of organic nitrogen and in regulating germination of barley, wheat, rice and maize grains (Salmenkallio and Sopanen 1989) . Many peptide transporters are expressed in the seed and may be involved in the loading of organic N compounds in the endosperm or the cotyledons during embryogenesis (Rentsch et al. 2007 , Tsay et al. 2007 ). There was no difference between osptr7 mutants and their wild types in the concentrations of total N in shoots or seeds, or of free amino acids in the shoots (Supplementary Figs. S2, S5 ), suggesting that either OsPTR7 is not involved in the root to shoot translocation of organic N compounds or that there is functional redundancy with other OsPTR transporters.
In conclusion, our study suggests that the organic arsenic DMA can be transported through the peptide transport pathway and OsPTR7 is involved in the translocation of DMA to rice grain. Because DMA appears to be transported to rice grain via both xylem and phloem (Carey et al. 2010) , it remains to be investigated whether OsPTR7 is involved in the loading or unloading of DMA in the xylem or the phloem. Our findings may provide new insights into strategies for reducing As accumulation in rice grain through knocking out the OsPTR7 gene. Fig. 7 Arsenic speciation in dehusked brown rice of the wild type (Dongjing) and osptr7-1 grown in a paddy field. Data are means ± SE (n = 5 replicates). There was a highly significant difference between the wild type and osptr7-1 in DMA concentration, but no significant difference in inorganic As concentration.
Materials and Methods
Assay of DMA transport activity using Xenopus laevis oocytes
Oocytes were removed and treated as described previously . Stage V or VI oocytes were selected for further assays and incubated in a modified Birth's saline (MBS) solution [88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO 3 , 15 mM Tris-HCl pH 7.4, 0.3mM Ca(NO 3 ) 2 , 0.41 mM CaCl 2 , 0.82 mM MgSO 4 , 10 mg ml -1 sodium penicillin, 10 mg ml -1 streptomycin sulfate] until injection. The open reading frames (ORFs) of AtPTR1, AtPTR5, OsPTR7 and OsPTR8 were cloned into the pBluescript SK II + (Stratagene) by PCR from either Arabidopsis (Col-0) or rice (Oryza sativa, cv. Nipponbare) leaf cDNA with primers listed in Supplementary Table S1. The sequences of the genes were confirmed (Eurofin) and then the genes were subcloned into the oocyte expression vector pT7TS (Cleaver et al. 1996) with BglII/SpeI. Capped mRNA(cRNA) was synthesized with the T7 mMESSAGE mMACHINE Õ Kit (Ambion) according to the manufacturer's instructions. A 50 nl aliquot of cRNA (1 mg ml -1 ) was injected into the selected oocytes and an equal volume of RNase-free water was injected as a control. After incubation in MBS at 18 C for 2 d, the oocytes were exposed to the MBS buffer containing 200 mM sodium dimethylarsenate at either pH 5.8 or 7.4. After 24 h, the oocytes were washed five times with MBS and homogenized with HNO 3 at 90
C for 1 h. The As concentration was determined using ICP-MS (Perkin Elmer Nexion 300x). Experiments were performed with three biological replicates, with each replicate containing 7-8 oocytes.
Subcellular localization of OsPTR7
The coding sequence of OsPTR7 without the stop codon was amplified by PCR with primers listed in Supplementary Table. S1. The sequenced fragment was subcloned into the pSAT6-EGFP-N1 vector and fused in-frame with the GFP sequence under the control of the CaMV 35S promoter. To investigate the subcellular localization of OsPTR7 in plant cells, Agrobacterium strain GV3101, which was transformed with either 35Spro:OsPTR7:GFP or 35Spro:GFP, was grown in yeast extract-peptone liquid medium overnight. The culture was centrifuged at 6,000 r.p.m. for 2 min and resuspended in AS medium (10 mM MgCl 2 , 10 mM MES-KOH, pH 5.6, and 150 mM acetosyringone) by adjusting the OD to 0.7-0.8 at 600 nm. Two-to four-week-old N. benthamiana leaves were inoculated with the resuspended Agrobacterium cells using a syringe. At 62 h after inoculation, the fluorescence was tested in transgenic N. benthamiana leaf discs. The protoplasts were isolated by enzyme treatment and observed using a confocal laser scanning microscope (LSM780; Carl Zeiss). GFP fluorescence was observed at 543 nm for emission and 488 nm for excitation, and Chl autofluorescence was detected at 575-640 nm for emission and at 546 nm for excitation. Images obtained at the two spectral settings were overlaid.
RNA isolation and real-time PCR analysis
To investigate the expression of OsPTR7 in response to As exposure, hydroponic treatments were conducted by growing 4-week old wild-type (cv. Dongjing and Nipponbare) seedlings in plastic containers containing 5 liters of half-strength Kimura solution with 0 (CK) and 10 mM As(III), As(V) or DMA(V) for 6 h. Each treatment was replicated in three containers. Total RNA was isolated from roots and shoots of wild-type and osptr7 mutants plants using a Plant Total RNA Extraction Kit (BioTeke) following the manufacturer's protocol. The firststrand cDNA synthesis was generated using 1 mg of total RNA according to the manufacturer's instructions of the HiScript first Strand cDNA Synthesis Kit (Vazyme). Quantitative PCR was performed on a BioRad CFX96 real-time system using an SYBR Õ Green Master Mix kit (Vazyme) according to the manufacturer's instructions. Rice OsActin (NM_197297) was used as a reference gene. The primers used are listed in Supplementary Table S1. All PCRs were normalized using the Ct value corresponding to the reference gene OsActin. The relative expression levels of OsPTR7 were calculated with formula 2
ÀÁÁCt (Livak and Schmittgen 2001) . Values represented the average of three biological replicates.
T-DNA insertion lines for OsPTR7
Two putative T-DNA insertion lines of OsPTR7 were obtained. PFG_5A-00098L in the Dongjing background was obtained from the Crop Biotech Institute, Department of Plant Systems Biotech, Kyung Hee University, Republic of Korea; and ARAB08 in the Nipponbare background from CIRAD (French Agricultural Research Centre for International Development, http://oryzatagline.cirad.fr/). In line PFG_5A-00098L, the T-DNA insertion was in the first intron, approximately 334 bp upstream of the start codon, whereas in line ARAB08, T-DNA was inserted into the promoter region, approximately 1,686 bp upstream of the start codon (Fig. 4A) . The presence of T-DNA in the two lines was validated by PCR and qRT-PCR using primers listed in Supplementary Table. S1 . Line PFG_5A-00098L was analyzed with T-DNA primer BP1 and a gene-specific reverse primer RP1 (Fig. 4B) . Homozygosity of the insertion was confirmed with gene-specific forward LP1 and reverse RP1 primers (Fig. 4) . The ARAB08 line was analyzed with T-DNA primer BP2 and a gene-specific reverse primer RP2 (Fig. 4) . Homozygosity of the insertion was confirmed with gene-specific forward LP2 and reverse RP2 primers. Both T-DNA lines were subsequently analyzed by qRT-PCR on shoot-and rootderived cDNA with gene-specific primers. Following validation, lines PFG_5A-00098L and ARAB08 are referred to as osptr7-1 and osptr7-2, respectively.
Plant growth and As treatments
Rice seeds of Dongjing, Nipponbare, osptr7-1 and osptr7-2 were surface sterilized with 30% (v/v) sodium hypochlorite for 30 min and then rinsed thoroughly with deionized water. The seeds were germinated on plastic supporting netting (mesh of 1 mm 2 ) mounted in plastic containers for 1 week. Uniform seedlings were selected and transferred to a bucket containing 5 liters of halfstrength Kimura nutrient solution. The pH of the solution was adjusted to 5.5. Plants were grown in a growth room with a 16 h light (30 C)/8 h dark (22 C) photoperiod, and the relative humidity was maintained at approximately 60%. The nutrient solution was renewed every 2 d. For the As treatment experiment, 4-week-old seedlings were grown in a bucket with 5 liters of half-strength Kimura nutrient solution containing 0 (CK), 10 mM DMA or As(III) for 3 d. Each As treatment was replicated in four buckets. At the end of the As treatment, rice roots were rinsed with deionized water, and submerged in an ice-cold desorption solution [1 mM K 2 HPO 4 , 0.5 mM Ca(NO 3 ) 2 and 5 mM MES, pH 6.0] for 15 min with periodic shaking to remove apoplastic As (Xu et al. 2007 ). Plants were divided into roots and shoots and dried at 70 C for 3 d.
Pot and field experiments
A pot experiment was conducted to investigate the effect of OsPTR7 knockout or knockdown on As uptake and accumulation in rice grain. Paddy soil was collected from an experimental farm of Nanjing Agricultural University. The soil contains 12 mg kg -1 total As and has a pH of 6.6. Basal fertilizers (120 mg N kg -1 soil as NH 4 NO 3 , 25 mg S kg -1 soil as MgSO 4 , 30 mg P kg -1 soil and 75.5 mg K kg -1 soil as K 2 HPO 4 ) were added to the soil and mixed thoroughly. The soil was amended with or without 3 mg As kg -1 in the form of DMA. A 12 kg portion of the soil was placed in a 15 liter plastic pot. Four seedlings each of osptr7-1, osptr7-2 and their wild types were planted into each pot. There were four replicated pots for both the control and DMA treatment. Soil was flooded with tap water throughout the growth period. Plants were grown in a netted enclosure with natural sunlight and ambient conditions in Nanjing, China, during June-October 2015. Plants were harvested at grain maturity.
The knockout mutant osptr7-1 and its wild type were also grown in a field experiment in a paddy soil in Lingshui County, Hainan Province, China. Ten plants of each line were grown. The paddy soil contains 2.9 mg kg -1 total As. Field managements, including irrigation, fertilizer applications and pest control, were conducted according to the normal practices of the region.
Analysis of total As concentrations
Dried plant samples (0.02-0.15 g each) were digested with 5 ml of mixed acid (HNO 3 : HClO 4 = 85% : 15%) in a heating block and diluted to 25 ml with ultrapure deionized water. Total As concentrations were determined using ICP-MS in the He gas collision mode to minimize polyatomic interferences. Indium was added to the samples as the internal standard. Blanks and a certified reference material (NIST 1568b rice flour) were included for quality assurance. Repeated analysis of NIST 1568b gave 0.30 ± 0.01 mg kg -1 As (mean ± SD, n = 3), which was in good agreement with the certified value of 0.29 ± 0.03 mg kg -1 As.
Arsenic speciation of rice grain
As speciation in the rice grain from the field experiment was determined using HPLC-ICP-MS as described previously (Tang et al. 2016b) . Arsenic species were separated using an anion exchange column (Hamilton PRP X-100, 250 mm diameter). A solution containing 8.5 mM each of NH 4 H 2 PO 4 and NH 4 NO 3 (pH 6.0) was used as the mobile phase, which was pumped through the column isocratically at a flow rate of 1 ml min -1
. Indium, prepared from a high-purity stock solution supplied from PerkinElmer, was added to the post-column solution and measured by ICP-MS as the internal standard. ICP-MS was set up in the He gas collision mode to minimize polyatomic interferences on m/z 75 (As). Arsenic species in the samples were identified by comparing their retention times with those of the standards, including As(III), As(V), DMA and monomethylarsonate (MMA), and quantified by external calibration curves with peak areas.
Analysis of total nitrogen concentration and free amino acids
Approximately 0.1 g of dried and finely ground plant sample was digested with 5 ml of 96% H 2 SO 4 and 3 ml of 30% H 2 O 2 . Total N concentration in the digest was determined by a colorimetric continuous flow AutoAnalyser 3 (Bran Luebbe). For the determination of free amino acids, 1 g of fresh shoot sample was ground with 4 ml of 5% sulfosalicylic acid and left to stand for 1 h. After centrifugation at 14,000 g for 10 min, the supernatant was passed through a 0.2 mm membrane filter. The concentrations of amino acids were determined using an automatic amino acid analyzer (L-8900, Hitachi).
Data analysis
The significant differences between the osptr7 mutant lines and their wild types were assessed by Student's t-test at the probability of P < 0.05. Statistical analyses were performed using SPSS18.0.
